The optical response of realistic 3D plasmonic substrates composed of randomly shaped particles of different size and interparticle distance distributions in addition to nanometer scale surface roughness is intrinsically challenging to simulate due to computational limitations. Here, we present a Finite Element Method (FEM)-based methodology that bridges in-depth theoretical investigations and experimental optical response of plasmonic substrates composed of such silver nanoparticles. Parametrized scanning electron microscopy (SEM) images of surface enhanced Raman spectroscopy (SERS) active substrate and tip-enhanced Raman spectroscopy (TERS) probes are used to simulate the farand near-field optical response. Far-field calculations are consistent with experimental dark field spectra and charge distribution images reveal for the first time in arbitrary structures the contributions of interparticle hybridized modes such as sub-radiant and super-radiant modes that also locally organize as basic units for Fano resonances. Near-field simulations expose the spatial position-dependent impact of hybridization on field enhancement.
Simulations of representative sections of TERS tips are shown to exhibit the same unexpected coupling modes. Near-field simulations suggest that these modes can contribute up to 50% of the amplitude of the plasmon resonance at the tip apex but, interestingly, have a small effect on its frequency in the visible range. The band position is shown to be extremely sensitive to particle nanoscale roughness, highlighting the necessity to preserve detailed information at both the largest and the smallest scales. To the best of our knowledge, no currently available method enables reaching such a detailed description of large scale realistic 3D plasmonic systems.
Nanoscale metallic particles give rise to localized plasmons, originating from the collective oscillation of electrons in the valence band of the metal, which provide the unique ability to enhance and spatially confine the electric field in the vicinity of the particles. [1] [2] [3] Surface plasmons find various applications in several fields of chemistry and physics and are notably the basic physical concept behind surface and tip-enhanced Raman spectroscopy (SERS and TERS). In the best case scenario, both the incident and scattered fields are strongly enhanced, respectively, leading to a dramatic increase of the Raman signal and thus, to the capacity to detect molecules from a nanoscale area. 4 The resonance of the localized plasmon can be tuned by a series of factors such as the nature of the metallic materials composing the particles, their shape, their size, their relative spatial distribution and the nature of the media(s) surrounding it. 5 One of the key issues of the field resides in the capacity to design efficient plasmonically active substrates that meet the desired experimental requirements. A proper understanding of the parameters affecting the amplitude and the frequency of the plasmon resonance, as well as the specific modes involved at a particular wavelength is a key prerequisite for reaching well-defined and desired plasmonic characteristics.
In a perfect scenario, time consuming and costly experimental trial-and-error experiments should thus be avoided and replaced by a detailed theoretical description of the electric field enhancement and its spatial distribution for any plasmonic system under investigation (unless complex techniques such as electron energy loss scattering or scattering near field optical microscopy are used to map the spatial distribution of the field intensity). [6] [7] [8] The plasmon resonance simulated is then linked to the expected Raman response, although several theories and other factors also come into play. [9] [10] [11] Unfortunately, tremendous computational capacity and calculation time are generally unavoidable when it comes to predicting the specific behavior of plasmonic substrates. In fact, the challenge is almost as old as the field itself. At the beginning of the 90s, the fractal agglomeration model was developed with such an aim. 12, 13 More recently, the van Duyne group addressed this challenge by simulating clustered particles with the use of a combination of a SEM surface from a SERS-active sample, wavelength scanned surface-enhanced Raman excitation spectroscopy and finite difference time-domain. 14 There, the simulated features were simplified to their symmetrical shape homologues sacrificing the nm scale description of the surface roughness details. Investigating larger particle organization is nevertheless critical. It has enabled, for instance, the discovery of new more complex hybridized plasmon modes such as Fano resonances. [15] [16] [17] [18] [19] [20] These structures are characterized by the symmetry of both the units composing them and their microscopic organization, which greatly helps the investigation.
Today, most theoretical investigations are focusing on the description of the optical response of two or three idealized and plasmonically active objects interacting with one another. [21] [22] [23] [24] [25] For more detailed microscopic investigations, several methodologies have been developed recently to consider subnanometer scale protrusions and defects at the surface of interacting metallic nano-objects. 22, [24] [25] [26] [27] [28] [29] [30] [31] These studies revealed field enhancements and confinements beyond expectations, and in accordance with previously unexplained experimental results. 4 Due to computational limitations, such methodologies cannot be applied directly to the scales of tens (and even hundreds) of nanometers necessary to study interparticle coupling events that also greatly impact the optical response. In the nanometer scale regime, studies of the optical response of arbitrary and realistic 3D structures have also raised great interest in the past few years. 23, [32] [33] [34] [35] To date, none of those studies have combined realistic 3D particle shape with larger microscopic scale organization.
From a general point of view, the limitations are clear: the simpler and symmetric the plasmonic structures and the interparticle organization are, the shorter the computation time. The real situation, in general, is however different: most routine plasmonic films acting as SERS-active substrates are composed of roughly shaped and anisotropic particles with a more or less broad distribution of shapes, sizes, relative orientations and interparticle distances. The situation also extends to optimized TERS probes, where a metal coated tip acts as an antenna that scans the sample with a nanometer scale precision thanks to the coupling of Raman spectroscopy with scanning probe microscopy techniques (SPM). The reconciliation of the experimental/theoretical approaches is thus of critical importance to push the field towards an in-depth understanding of the physical origin of the surface plasmons for routine experiments.
Here, electromagnetic calculations employing the Finite Element Method (FEM) are used to model far-field and nearfield spectra, as well as scattering and charge density images based on actual experimental scanning electron microscopy (SEM) images of SERS active substrates and TERS tips. The method is demonstrated for complex irregular 3D structures deposited on flat silicon substrates (easily extendable to any other flat substrate), i.e. for challenging (from a simulation point of view), although fairly common plasmonic substrates that were encountered experimentally. Fig. 1 shows a typical 1.1 by 1.1 µm SEM image of a SERSactive substrate prepared by physical vapor deposition (PVD), 36 more specifically by evaporating a 20 nm layer of silver on a flat silicon surface and by further annealing it for 60 s at 290°C. The resulting substrate shows a rather uniform silver nanoparticle coverage on the wafer with an average diameter of ∼20 nm (more details can be found in Fig. S1 of the ESI †). The distribution of particle characteristics is nevertheless large in terms of size, shape irregularity and interparticle distance. These features are typically encountered with most SERS-active substrates prepared by PVD, 36 and also with the use of numerous other common preparation methodologies. 37 Fig . 1B shows a 300 × 300 nm 2 region of Fig. 1A (see the corresponding white rectangle) where the silver particle surface has first been parametrized and then 3D meshed using FEM. This area size has been selected as being large enough to provide a statistically representative distribution of the sample characteristics while preserving nm scale details of the complex individual structures composing it (mesh element size of 9.6 nm for nanometer scale information). The particular goal here is to parametrize a realistic structure for the FEM calculation and to investigate the capability of simulating farand near-field spectra that are reliable and consistent with real experiments, and this, within an acceptable calculation time. As such, from the view point of a SERS experiment, this area would represent a region slightly below the diffraction limit. SEM was selected for extracting the imaging parameters due to its simplicity and capacity to provide nanoscale structural details of comparatively large areas. 38 Conceptually, any scanning probe technique could have been used; however, in this case, tip convolution effects must be considered. 39 Due to the absence of depth contrast, SEM solely provides information on the lateral characteristics. Consequently, a particle height of 20 nm was used for all simulations. This value is in agreement with the substrate preparation parameters and with the AFM data. 36 An important prerequisite to accurately evaluate the plasmon resonance is having knowledge on the refractive indices of all media involved, as this greatly influences the plasmon resonance. 40, 41 In a perfect scenario, one considers the refractive index of the silver particle itself, the air surrounding it, and, last but not least, the silicon substrate. The real situation is more complex due to the formation of an amorphous silicon oxide layer (of a typical thickness of a few nanometers 42,43 ) at the particle/silicon wafer interface that cannot be neglected. Adding another layer of amorphous oxide in the FEM simulations would increase the computational efforts considerably. To overcome this challenge, we assumed an air gap of 2 nm between the particle and the pure Si substrate for all surfaces investigated. The detailed description and justification of the procedure are provided in section 2 of the ESI ( Fig. S2 and S3 †), while section 3 provides more details of the formalism of the FEM calculation (S4, ESI †). It is worth stressing that the refractive index of the underlying substrate and the thickness of the particle are the only parameters that are adapted to fit the dark field experiments while all other parameters depend solely on the size and shape provided by the SEM images. In essence, the method described here is characterized by the lowest possible number of variables, leading to a very low degree of freedom of the system. Fig. 1C shows the far-field spectrum measured by dark field spectroscopy (measured as the scattering intensity as a function of the wavelength) for the film shown in Fig. 1A measured with a low numerical aperture objective (NA = 0.13, 5×). Under these conditions, the spectral response is highly repeatable (see a spectrum from another section of the same film in Fig. S5 † that is similar, but of course not a perfect match) even though the topography itself differs from one region of the sample to the other. This spectrum is used to evaluate the simulation procedure and essentially shows two main bands (580 nm and 710 nm) and a few more minor modes. The inset of the figure shows the dark field microscopy image of the same probed region. Its resulting yellow-orange color could hardly have been predicted solely from the experimental spectroscopy results due to the complexity of the spectral features. Interestingly, the simulation ( Fig. 1D showing the modelled absorption cross section) and the experimental data match well, i.e. the major absorption peaks can be found at considerably similar wavelengths. The simulation results exhibit only a slight red shift in comparison with the experimental spectrum. Consequently, this means that the selected area is sufficient to represent the sample. Particularly the particle geometries, sizes as well as the inter-particle distance distribution reflect the optical properties of the entire sample. The differences between the model and the experiment can consequently be attributed to small deviations between the selected parametrized and the experimentally probed areas and/or to the different emphases regarding the finite area of the model that naturally will see a different area-to-circumference ratio compared to the actual laser spot. Based on the calculation procedure, the surface dependence (or more specifically, the surface refractive index dependence) varies for different modes (for details see Fig. S3 of the ESI †). The same procedure was applied for two different regions of the same film (for details see Fig. S6 of the ESI †) and for other similar films, leading to virtually identical results. Hence, we conclude that both the gap distance and the selected area (though much smaller than the experimentally probed region) are adequately selected to describe the optical properties of the system via simulation. In order to gain a deeper understanding on the nature of the plasmon modes measured by dark field spectroscopy, we reproduced the far-field spectra of Fig. 1D in Fig. 2 to investigate the scattered field (top row of Fig. 2A ) and charge density distribution images (2nd row of Fig. 2A ) modelled at several wavelengths. Images have been extracted at 10 nm steps over the spectral range presented, but for clarity, only representative examples of close to-and off-resonance conditions are shown. At first glance and considering the large particle size distribution of the SERS substrates, one could expect that single dipole resonances will dominate the spectra and that the three bands are associated with three major particle average sizes. In contrast, an in-depth comparison of the two types of images reveals some remarkable features. In the scattered intensity image at 520 nm, for instance, the smaller particles of the distribution are clearly brighter, indicating that single particle dipoles play a major role. However, when considering the charge density distribution at the same wavelength, the situation differs. Particles of all sizes are polarized differently with respect to the incident field polarization (E 0 ), suggesting a strong contribution of inter-particle coupling modes. The scattering/charge distribution images at 580 and 700 nm lead to similar conclusions. Moreover, even under off-resonant conditions (550 and 640 nm), where the absorption is low, regions of strong inter-particle dipole interactions exist.
FEM-based methodology demonstration
The details of the charge density distribution highlight that three major coupling features contribute to the far-field spectra. Examples, extracted from Fig. 2A , are presented in Fig. 2B . The top image presents a dipole bonding (or super-radiant) mode formed when the positive side of the charge density distribution of one particle faces the negative side of the charge density distribution of a neighboring particle, thus locally forming a hybridized system. The middle panel shows a typical example of the reverse situation, i.e. a dipole antibonding (sub-radiant mode) where the positive (or negative) charge polarization of two adjacent particles face each other. It must be emphasized that the occurrence of coupling modes over the whole film area, for a system showing such important irregularities and characteristic distribution, is unexpected. Indeed, the strength of the hybridization is known to be correlated with the proximity of the particle, 17, 44, 45 but it also relies on the particle sizes, making the occurrence of the field overlap (as well as its strength) challenging to predict, except for small local regions where the particles are very close to one another.
Most importantly, the lower section of Fig. 2B exposes that even larger scale hybridization such as Fano modes are also present in the system. By definition, a Fano resonance arises from the coupling of a broad bright mode (far-field) with a narrow purely dark mode (near-field), 17, 46 although there are some exceptions where the coupling of two bright modes can also occur. 47 This mode typically implies the hybridization of several (three or more) particles organized in a specific geometrical pattern, thus presenting well-defined organization where the interparticle distance is both well controlled and small. Fig. 2B presents an example of such a structure found in our substrate that consists of four particles. The basic structure resembles a 2D projection of a pyramid prism and is similar to a basic unit of Fano resonances. 48, 49 The major difference is that our sample has a much lower symmetry and, most importantly, that the structure is composed of particles of different sizes. Interestingly, no clear and isolated features could be found in the far-field experimental (or simulated) spectrum that would have led to the conclusion of the presence of Fano like patterns. Our hypothesis is that structural irregularities contribute by broadening any related bands of the far field spectra. This distribution of characteristics causes the resulting Fano bands to be superimposed by other major modes. For all wavelengths investigated, super-radiant and sub-radiant modes could easily be found and appear to qualitatively constitute a large portion of the images. Fano modes on the other hand are rare, probably due to the larger size of the structures versus the limited simulated sampling area.
The results imply that each spectral band is a superposition of single dipole resonances and complex coupling modes. In our case, and based on the scattering images, we do not expect that the hybridized modes dominate the signal in the far-field spectra at a given wavelength. However, the contribution of the coupling modes to the spectral shape is clearly non-negligible and illustrates the complexity of the system under investigation. Hence, it also emphasizes the need for the presented in-depth theoretical modeling of realistic SERS-active substrates. As mentioned above, so far this information has never been extracted from such samples, but is likely to have profound impact on the interpretation of realistic plasmonic substrate behavior.
To understand the field properties at the surface and the influence of the coupling modes on its enhancement, spectra were also modeled in the near-field at three arbitrarily chosen locations (P1, P2 and P3) indicated on the parametrized surface of Fig. 3A . The associated spectra should be understood as the field enhancement experienced by a molecule situated at those locations. The points have been selected as being close to the edge (P1), and within the particle cluster (P2 and P3). Results from the point P1 (black curve) show a resonance center at ∼520 nm, i.e. at a position that is consistent with one of the bands appearing in the far-field spectra of Fig. 1 and 2 . The field enhancement is fairly large (∼40) and the band is narrow, suggesting the dominance of a single dipole resonance. Since P1 is far away from any other particle, the minor modes can hardly be explained by single dipoles of the surrounding particles. Thus, the modes centered at ∼580 and 700 nm, in particular, most likely arise from the involvement of this specific particle in a coupling mode. To investigate the effect of hybridization on the near-field behavior, point P2 was selected purposely several nm away from any particle while still being in a region where the surrounding particles are involved in hybridized modes (see Fig. 2 ). As such, the location P2 (dark blue curve) is not intended to be a position of high field enhancement, but rather as a position where interparticle coupling is expected to dominate. The low enhancement factor (∼6) and the broader band shape are consistent with this hypothesis. Interestingly, the spectrum is still dominated by a single band at ∼600 nm, which suggests again the dominance of the single dipole resonance from one of the closest particles. For comparison, the light blue curve of the same figure shows the near-field spectrum calculated at a third location, P3, much closer to one of the particles of the cluster. This position is expected to cause the appearance of a dominating single dipole at a higher wavelength position in comparison with P1 due to the bigger size of the closest particle. The global field enhancement increases as compared to P2, but is still only about half of the value reported for P1. Additionally, the clear presence of two bands of close to equal relative intensities clearly exposes the dominant contribution of interparticle hybridization at certain wavelengths. In particular, when comparing P2 and P3 (as well as the particle size close to P1), one can conclude that the mode centered at ∼520 nm, for this particular P3 location, is dominated by the hybridization of the closest particles. From this perspective, the second broad and asymmetric band centered at ∼580 nm must be due to a combination of the single dipole resonance arising from the closest particle and from the hybridized modes in which it is involved. Thus, as expected from the mode analysis of Fig. 1 , the near-field response of a virtual molecule is simultaneously position, amplitude and wavelength dependent, which is in accordance with previous studies. 50 This brief analysis of the near-field response is far from being statistically relevant, but highlights interesting features. A more systematic investigation of the relative amplitude of the coupling with respect to a single dipole as a function of the spatial location will be subject of future investigation.
Application of the FEM-based method to TERS tips
The FEM-based method described in the previous section can also be transposed for in-depth investigation of the optical properties of virtually any other plasmonic substrate. To illustrate the concept, we have investigated TERS tips prepared by PVD with the use of a standard procedure established by our group. 51 Fig. 4A shows the SEM image of the resulting probes, namely a pyramid shaped commercially available silicon tip homogeneously covered by silver particles and resembling the structure of the SERS active substrate shown in Fig. 1A . It has been demonstrated that such tips can theoretically be described with the help of a few (if not one) particles situated at the apex when considering subnanometer scale surface defects. 31, 52, 53 The conclusions of these investigations potentially justify the impressively high field enhancement and spatial resolution experimentally observed in TERS. 4, 54, 55 However, on another scale, it is expected that the position and/ or amplitude of the plasmon resonance is in fact largely influ-enced by the close proximity of other surrounding particles. 44 As such, larger regions of the system have to be taken into account for accurately evaluating the optimal experimental conditions under which one should work to optimize the signal arising from such a small nanoscale area. Unfortunately, experimental techniques such as dark field spectroscopy are not applicable in the context of TERS tips, because the scattering from the silicon edges is detrimental to the evaluation of the plasmon resonance of the tip only (unless modified set ups with evanescent wave excitation are used 56 ). A reliable theoretical description is consequently extremely useful and necessary.
The 300 × 300 nm 2 parametrized surface used for the simulation is shown in Fig. 4B and is extracted from the section delimited by the white dashed rectangle in A. To simplify the problem, a region away from the tip apex has been selected (where no curvature from the apex comes into play). In the context of an experiment, this region would still be in the focus region of the laser beam and thus, should be representative of the plasmonic response of the tip. Considering a typical bottom-up configuration and the form factor from the tip itself (a single flat facet of the pyramid), the tilt angle between the incident beam and the tilt of a facet of the tip (with respect to the substrate normal) has been evaluated as ∼10°. This angle corresponds to low NA objectives, similar to that of Fig. 1 and thus, the simulation procedure was applied using the same parameters. Fig. 4 (A) SEM image from a TERS tip with a silver particle film. (B) 300 × 300 nm 2 parametrized surface with meshed 3D particles for the FEM calculation. (C) Simulated far-field spectrum from the tip calculated with the incident field polarization (E 0 ) indicated. The red dashed curve is a guideline for what the experimental plasmon resonance is expected to be. The inset shows the charge density distribution calculated for an excitation line of 550 nm. (D) Near-field resonance calculated at locations PT1 and PT2 as indicated in B (full green and blue lines, respectively). The dashed lines refer to the same positions, but where only the single particle closest to the respective locations was parametrized. PT1* and PT2 * thus present the near-field response originating solely from the single dipole resonance arising from those two particles (see the main text). Fig. 4D shows the modeled far-field spectra for two different incident field polarizations (E 0x and E 0y , grey and black curves, respectively). The spectra show two broad modes with slightly different relative amplitudes, indicating the close to isotropic response of the film as well as the reproducibility of the simulation procedure. Based on experiments, we hypothesize that these two bands can be understood as one single broad feature (see the added red dashed line) centered at ∼560 nm. The fine structure is likely due to the small number of particles considered. In reality, averaging can be expected due to the considerably larger experimentally probed section of the tip. The blue shifted band position when compared to the SERS-active substrate (Fig. 1) is at least partially due to the smaller average size of the particle on the tip (12 nm vs. 22 nmsee Fig. S7 versus S1 of the ESI †).
As was the case for the previously parametrized substrates (Fig. 2) , the complexity of the system is more evident when looking at the charge density distribution (see the 550 nm selected example in the inset of Fig. 4C ). The general pattern formed is similar to that reported for the previous substrate (Fig. 2) , where super-radiant and sub-radiant modes are clearly present. Consequently, Fig. 4D confirms that, not surprisingly, in the optical near field, the situation is complex and highly position dependent. By analogy with a TERS experiment, consider that PT1 (for point TERS 1) refers to a point where a potential molecule would be situated. The point is chosen close to a metallic particle situated at the edge of the picture, such that, in our gedankenexperiment, it could be the last particle of a tip apex. This location is totally random and any point in the outer region of a particle situated at the edge of the image could have been chosen. One must also consider that this imaginary molecule (PT1) would be situated beneath the last particle. The field enhancement experienced by this molecule (at the location PT1) is indicated by the blue curve, where a single intense resonance appears and is associated with an impressively large field enhancement of ∼60. If a second point, PT2, is selected (green curve of Fig. 4D ), a single resonance again occurs with a similar enhancement of ∼55, but is red shifted by almost 100 nm compared to PT1. This shift is unexpectedly large when considering that the two particles chosen for this demonstration are of similar size (with an incident polarization in the X direction) and are both situated at the edge of the image, i.e. where less inter-particle coupling is expected. To clarify the relative importance of the single dipole versus the coupling modes, we parametrized the surface such that all particles are eliminated except the ones directly beside PT1 and PT2 (see the modified parametrized surface of Fig. S8 † and the corresponding darker particles of Fig. 4B ). The near-field spectra computed for both points (PT1* and PT2*) are shown as dashed green and blue curves in Fig. 4D , respectively. In this second set, the particles are hundreds of nanometers away from each other and thus, the absence of interparticle coupling can be assumed. As such, the PT1* and PT2* set of spectra can be understood as the optical response arising solely from dipole resonances. Surprisingly, the computations for the isolated particles (dashed lines) and entire surface (solid lines) match in terms of the band position for both PT locations. In contrast to the first assumption, the influence of other surrounding particles is small in terms of the position of the plasmon resonance for the locations investigated. The shift observed between the PT locations must thus rather be related to the differences of particle morphology or their interaction with the substrate (or potentially a combination of both). The substrate effect is evident when the same TERS-active tip is investigated using a gap distance of 50 nm (thus with the particles virtually in air) and using again only the two parametrized particles. Here, both the field enhancement and spectral shift between the PT points are much less pronounced (for details see ESI Fig. S9 †) . This suggests that the large wavelength dependence with respect to the contact area of the particles with the substrate (and thus, their morphology) is closely related to the high refractive index of the silicon substrate.
The specific role of the coupling modes becomes obvious when comparing the relative intensities PT vs. PT* pairs of Fig. 4D . When removing all interparticle coupling possibilities, the global field enhancement decreases. For instance, the comparison of PT2 and PT2* highlights that coupling can contribute close to 50% of the total field enhancement while it contributes less than 10% for the PT1 site. The large shift observed between these two particles with such similar sizes is again related to the nature of the substrate, in particular to the refractive index and particle/substrate contact area.
Several conclusions drawn from the model can be transposed to the experiment: (1) as expected, the signal enhancement will change (sometimes dramatically) from tip to tip because the ending particle will never be precisely identical. On the other hand, it also means that, through the modifications of the particle size and shape, the enhancement can be predicted and tuned according to the experimental requirements. (2) Hybridized modes contribute to the field enhancement, but the frequency of the plasmon resonance can be deduced by considering the size and shape of the very last particle at the tip apex. Thus, for a correct description of the optical response of the TERS tips discussed here a certain number of particles is required. This is in accordance with the theoretical investigations made by Taguchi et al. 52 and Tserkezis et al. 50 although both studies predicted a simultaneous frequency shift that seems to be less pronounced in our study. We believe that the chain modes predicted in the literature that are expected to induce a large shift with particle addition (or chain length increase) 50, 57 are simply situated outside the visible spectral region under investigation. (4) Given the particularly narrow shape of the near-field bands, the |E| 4 approximation used for evaluating the Raman signal enhancement can lead to a large overestimation and must therefore be used carefully. Finally, (5) the enhancement and tunability of the wavelength dependence can also be partially controlled by adjusting the refractive index of the substrate. A closer investigation of the influence of coupling modes on critical parameters such as field confinement and enhancement is beyond the scope of this study. In fact, to the best of our knowledge, the occurrence of hybridized modes has never been reported as being part of the field behavior in the focal area of the tip. This finding on its own thus represents a significant breakthrough in the field and will be a subject of future investigations.
In summary, we have demonstrated that a FEM-based methodology in combination with SEM images (that could be applied on any type of substrate) can be used to simulate in a reliable and accurate manner the far-and near-field optical response of realistic 3D SERS active substrates. Far-field simulation results are shown to match with experimental dark field spectra. A detailed analysis of the scattering and charge distribution images reveals complex plasmon coupling modes, including modes that are primarily observed for highly symmetric SERS-active substrates. These modes have a major impact on the field enhancement, spatial distribution and wavelength dependence. It could be shown that the same conclusions are also valid for TERS tips composed of a thin silver coating. In general, the method is ideally suited for samples that are otherwise challenging to model due to their intrinsic shape and whose localized plasmon resonance can hardly be assessed experimentally. The results reveal that the resonance frequency of the frontmost particle is only weakly influenced by the presence of surrounding particles, but these particles can have a large impact on the field enhancement. The single dipole resonance is also strongly correlated with the particle/ substrate contact area and thus, with the particle morphology. A simpler model considering e.g. a sphere will, hence, provide only estimates with respect to plasmon frequency and amplitude. In conclusion, the presented combination of SEM-based parametrization and subsequent FEM-based modelling provides insights into the details of realistic SERS and TERS features. The in-depth study of field enhancement on realistic 3D plasmonic substrates described here represents a promising avenue to solve several of the current analytical issues in the field of SERS and TERS by enabling predictive studies of the amplitude and of the physical origin of field enhancement at different locations. Thus, from a general point of view, this study highlights the necessity for investigating complex optical behaviors that involve numerous inhomogeneous and asymmetrically shaped plasmonic objects.
Experimental section

Sample preparation
All SERS-active substrate films were prepared by a PVD method with subsequent annealing at 290°C for 60 s, following a protocol described in detail previously. 8 The pre-cleaned silicon wafer on which the particles were formed was tilted by ∼15°to mimic the angle of silicon AFM tips (used for the TERS-active tips) to facilitate the comparison between the two types of plasmonic samples. The TERS active tips were produced using a similar procedure, by evaporating a silver particle film on commercial AFM tips (Tap150Al-G, BudgetSensors).
Dark field spectroscopy and imaging
Dark field spectra and images were recorded using an upright optical microscope (AxioImager Z1.m from Carl Zeiss) using polychromatic illumination from a halogen light source (100 W) as schematized in Fig. S10 of the ESI. † A central aperture stop blocked the inner part from the illuminated area in order to allow only scattered light from the sample to be detected by the optical camera (MRC5 RGB from Carl Zeiss, Germany) (for direct imaging) or via a multi-mode fiber (∅ = 200 μm), in the microscope image plane, to a spectrometer equipped with a CCD camera (SpectraPro 2300i and Pixis 256 from Princeton Instruments). A grating of 150 lines per mm was used and the central wavelength was fixed to 550 nm. For controlling the spectroscopic area, a pinhole (∅ = 100 μm) was placed in front of the fiber. All spectra were recorded with an exposure time of 10 s and using a 5× EC Epiplan (NA = 0.13) objective.
SEM imaging
SEM measurements were performed using a high resolution field emission scanning electron microscope (JSM 6300F, JEOL, Tokyo Japan). The best conditions for imaging in BSE (backscattered electron) contrast provided the primary electron beam at 5 keV. Due to its excellent performance at low electron energy a so called YAG (YttriumAluminum-Garnet) was used as BSE-detector.
Computational details
For calculating the electric fields of complex particle films, Finite-Element-Method (FEM) implemented in Comsol Multiphysics 4.4 software was used to solve Maxwell's equation for stationary problems. For all calculations, the constructive relationship for linear materials (σ = 0, μ r = 0) was applied. Cubical systems (600 nm × 600 nm) with outer perfect match layers (PML) were used as physical domains. The PML domain consisted of five layers with a PML scaling factor of 1 and was implemented to absorb all scattered light. The incident field oscillated in the x direction with a k-vector in the -z direction. The absorption cross section (σ abs ) was calculated by integrating the power loss density (Q) over the particle volume (V), were I 0 is the incident intensity.
The complex topography of the film was extracted from the SEM images using a parametric surface. The height (approx. 20 nm) of the particle films was based on experimental data and the complex refractive index of the silver particles was adjusted according to Johnson and Christy. 58 
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